High-mobility group AT-hook1 (HMGA1, formerly HMG-I/Y), an architectural transcription factor, participates in a number of tumor biological processes. However, its effect on cervical cancer remains largely indistinct. In this study, we found that HMGA1 was generally overexpressed in cervical cancer tissues and was positively correlated with lymph node metastasis and advanced clinical stage. Via exogenously increasing or decreasing the expression of HMGA1, we showed that HMGA1 affected the proliferation, colony formation, migration and invasion of cervical cancer cells in vitro. Rescue experiments suggested that miR-221/222 could partly reverse HMGA1-mediated migration and invasion processes. Mechanistically, we discovered that HMGA1 accelerated the G1/S phase transition by regulating the expression of cyclin D1 and cyclin E1, which was consistent with the results of the in vivo experiment. Furthermore, we found that HMGA1 regulated the expression of the miR-221/222 cluster at the transcriptional level and that miR-221/222 targeted the 3′UTR of tissue inhibitor of metalloproteinases 3(TIMP3). We propose a fresh perspective that HMGA1 participates in the migration and invasion process via the miR-221/222-TIMP3-MMP2/MMP9 axis in cervical cancer. In summary, our study identified a critical role played by HMGA1 in the progression of cervical cancer and the potential mechanisms by which exerts its effects, suggesting that targeting HMGA1-related pathways could be conducive to the therapies for cervical cancer.
Introduction
As a common gynecological malignancy, cervical cancer is both the fourth frequently diagnosed cancer and the fourth most fatal cancer for women worldwide, especially in developing countries 1 . In recent decades, Pap smear and HPV vaccination inoculation have decreased the incidence and mortality of cervical cancer. However, more than 50% of women diagnosed with cervical cancer ultimately die every year worldwide 1 . Persistent high-risk human papillomavirus (HR-HPV) infection is widely recognized as the major cause of both cervical intraepithelial neoplasia (CIN) and cervical cancer 2 . However, only 10% women with persistent infection will develop cervical cancer, suggesting that other factors are involved in the malignant progression 3 . Therefore, further understanding the molecular basis of this process is important for elucidating the mechanisms underlying cervical cancer.
High-mobility group AT-hook1 (HMGA1, formerly HMG-I/Y), an architectural transcription factor, can bind to AT-rich regions in the minor groove of DNA 4 . It participates in a myriad of fundamental cellular processes, including cell cycle progression [5] [6] [7] [8] [9] [10] , embryologic development 11, 12 , neoplastic transformation [13] [14] [15] [16] [17] [18] , differentiation 19 , apoptosis [20] [21] [22] [23] , cellular metabolism 24, 25 , and DNA repair [26] [27] [28] [29] . Numerous pieces of evidence have demonstrated that HMGA1 is widely overexpressed in a variety of human carcinomas, such as pancreatic cancer 30 , colon cancer 18, 31, 32 , breast cancer [33] [34] [35] [36] , and cervical cancer 37, 38 . Recent studies have shown that HMGA1 could regulate cell proliferation through affecting the expression of cyclin D and cyclin E as well as by interacting with retinoblastoma protein (RB) in human T leukemia cells 7, 10 . Moreover, Schuldenfrei et al. also showed through microarray analysis that HMGA1 drives cell cycle progression genes during lymphoid tumorigenesis 9 . However, the role and molecular mechanism of HMGA1 in cervical cancer progression remain poorly illuminated.
MicroRNAs (miRNAs) are a class of small (~19-25 nucleotides long), noncoding RNA molecules 39, 40 . They have emerged as crucial factors regulating gene expression through inducing cleavage or inhibiting translation of target mRNAs during the initiation and progression of cancer. Currently, numerous studies have focused on the target genes of miRNAs. However, the transcriptional regulation of miRNAs has been rarely reported. HMGA1 was reported to promote cell proliferation through binding to the promoter of miR-222 in lung cancer 41 . Moreover, it was also reported by Li et al. that HMGA1 influences the promoter activity of miR-137 in colorectal cancer 42 . Nevertheless, how HMGA1 influences the transcription of miRNAs remains less well understood.
In this study, we used human tumor samples as well as in vitro and in vivo studies to provide a comprehensive analysis of the role of HMAG1 during progression in cervical cancer. We revealed that HMGA1 expression was upregulated in cervical cancer tissues by comparing primary cervical cancer tissues and paired para-cancerous tissues. HMGA1 promoted the proliferation, clone formation, and migration and invasion of cervical cancer cells in vitro and accelerated the growth of cervical cancer cells in vivo. Furthermore, we illustrated that HMGA1 could enhance miR-221/222 expression to activate the TIMP3-MMP2/MMP9 pathway during the progression of cervical cancer. In this study, we preliminarily explored the potential mechanism underlying the promotion of cervical cancer progression by HMGA1, which was involved in cell cycle progression and miR-221/222 transcription.
Results

HMGA1 is frequently overexpressed in cervical cancer tissues
To explore the function of HMGA1 in the development of cervical cancer, we first chose Zhai cervix and Scotto cervix in the Oncomine database to evaluate the expression of HMGA1 in cervical squamous cell cancer (CSCC) tissues and normal cervical squamous epithelium (CSE) tissues. As shown in Figure. 1a, HMGA1 was highly expressed in CSCC tissues compared with control subjects. Next, we tested the HMGA1 mRNA level in 16 primary cervical cancer tissues and paired adjacent nontumor tissues and the HMGA1 protein expression in eight cervical cancer tissues and paired adjacent non-tumor tissues and in 92 cervical cancer tissues and 58 adjacent non-tumor tissues. Consistent with the Oncomine database findings, the qRT-PCR and western blot results revealed that the level of HMGA1 was prominently increased in cancer tissues compared with the level in para-cancerous normal tissues (Fig. 1b, c, d ). The data presented in Figure. 1e, f showed that HMGA1 was highly expressed in 68/92 (73.91%) cervical carcinomas and 4/58 (6.90%) non-tumor tissues (p = 0.003). Meanwhile, we evaluated the relation between the HMGA1 expression level and clinicopathological characteristics in cervical cancer samples. As shown in Table 1 , the level of HMGA1 was significantly correlated with lymph node metastasis (p = 0.010) and FIGO stage (p = 0.019). However, no significant associations were found between HMGA1 level and age, histological grade, extent of myometrial invasion, vascular invasion, or histological classification (all at p > 0.05, respectively). These results indicated that HMGA1 was significantly upregulated in cervical cancer and might play a critical role in cervical cancer progression and lymph node-associated metastasis.
HMGA1 promotes proliferation, colony formation, migration and invasion of cervical cancer cells
Given that HMGA1 acts as an oncogene in many cancers [43] [44] [45] [46] and is overexpressed and associated with progression and lymph node metastasis in cervical cancer, we first examined the expression of HMGA1 by qRT-PCR and western blot analysis in five cervical cancer cell lines. As shown in Figure S1A and S1B, Siha cells showed the lowest levels of HMGA1, while MS751, Caski, and C33A cells showed high levels of HMGA1. Therefore, HMGA1 expression in Siha cells was upregulated by stably infecting HMGA1-expressing lentivirus, while HMGA1 expression in Caski, MS751, and C33A cells were silenced by stably infecting the cells with a specific HMGA1-shRNA lentivirus. The qRT-PCR and western blot analysis showed that stable HMGA1-overexpressing cells and stable HMGA1 knockdown cells were established (Fig. S2) .
To test whether HMGA1 could contribute to cervical cancer progression and metastasis, we investigated the effect of HMGA1 on the proliferation, colony formation, migration and invasion of cervical cancer cells. The CCK8 assays showed that ectopic overexpression of HMGA1 enhanced the proliferative capacities of Siha cells (Fig. 2a) , while suppression of endogenous HMGA1 expression inhibited the proliferative capacities of MS751 and C33A cells (Figs. 2b and S3A) . Consistent with the above results, the colony formation assays indicated that overexpression of HMGA1 resulted in increased colony formation (Fig. 2c) and that HMGA1 knockdown impaired the ability to form colonies (Figs. 2d and S3B) . Furthermore, the transwell migration/invasion and wound healing assays showed that HMGA1 overexpression dramatically promoted Siha cell migration and invasion (Fig. 2e, g ), while HMGA1 knockdown markedly inhibited MS751/Caski/C33A cell migration and invasion (Figs. 2f, h and S3C-S3F). These results indicated that HMGA1 could contribute to cervical cancer progression and metastasis.
HMGA1 accelerates the transition from G1 into the S phase in cervical cancer cells by regulating cyclin D1/E1
To further illustrate the mechanism underlying the proproliferative effect of HMGA1, the cell cycle distribution was analyzed by FACS after HMGA1 overexpression or knockdown in cervical cancer cells. We observed that the Fig. 1 HMGA1 expression in human cervical cancer and cervical squamous epithelium. a The left is the expression of HMGA1 in 23 human cervical squamous cell cancer tissue (CSCC) samples and ten cervical squamous epithelium (CSE) samples from the Zhai cervix database of Oncomine. The right is the expression of HMGA1 in 32 human cervical squamous cell cancer tissue (CSCC) samples and 24 cervical squamous epithelium (CSE) samples from the Scotto cervix database of Oncomine. b Real-time PCR analysis of HMGA1 expression in 16 human cervical squamous cell cancer tissue samples (T) and their matched normal cervical tissues (N); the expression levels were normalized to GAPDH expression. c Detection of HMGA1 protein levels by western blotting in eight paired cervical carcinoma (T) and their adjacent non-tumor tissues (N). d Relative protein level of HMGA1 to GAPDH in (d). e Representative images of HMGA1 immunohistochemical results for cervical squamous cell cancer, cervical adenocarcinoma tissues, and their adjacent para-cancer tissues (×400). f Statistical analysis of HMGA1 protein expression in 92 cervical carcinoma tissues and 52 matched non-cancer tissues. The expression levels of HMGA1 proteins were evaluated based on the mean optical density using Image Pro-Plus software 6.0 (IPP 6.0). Lower represents the mean optical density <0.35, higher represents the mean optical density ≥0. 35 . CSE represents cervical squamous epithelium; CSCC represents cervical squamous cell carcinoma; T represents cervical cancer tissue; N represents para-cancer tissue. *p < 0.05, **p < 0.01, and ***p < 0.001 overexpression of HMGA1 in Siha cells resulted in a decrease in the number of cells in the G1 phase from 69.07 ± 3.5% to 54.62 ± 0.63% and an increase in the number of cells in the S phase from 21.00 ± 1.64% to 31.41 ± 0.32% (Fig. 3a, e) . However, G1 phase arrest and S phase inhibition were found in MS751/Caski/C33A cells after silencing endogenous HMGA1 expression by the specific siRNA for HMGA1 (Fig. 3b, c, d, e) . Because Dtype cyclins and E-type cyclins play pivotal roles in the G1/S phase transition, we assessed whether HMGA1 could affect their expression. As shown in Figure. 3f, g, the expression levels of cyclin D1 and cyclin E1 were upregulated in response to HMGA1 overexpression, but decreased following HMGA1 knockdown. Overall, these results suggested that HMGA1 could accelerate the progression from G1 phase into the S phase through regulating cyclin D1/E1 in cervical cancer cells.
miR-221/222 are directly targeted and regulated by HMGA1
MicroRNA-221/222 participates in the progression of many tumors and has been reported to be highly expressed in cervical cancer [47] [48] [49] [50] . Besides, two studies have revealed that HMGA1 could affect the expression of miR-222 in lung cancer 41, 51 . However, it was unknown whether miR-221/222 participated in the HMGA1-mediated migration and invasion of cervical cancer cells. We measured the expression levels of miR-221/222 in cervical cancer cells, normal cervical tissues, and cervical cancer tissues. It was evident that the expression levels of both miR-221 and miR-222 were higher in tumor tissues than in non-cancerous tissues (Fig. S4A, S4B) . Furthermore, we observed a strong and positive correlation between miR-221/222 and HMGA1 in five cervical cancer cell lines and in 35 cervical cancer tissues (Fig. 4a, b) . Therefore, we speculated that HMGA1 might affect the expression of this miRNA cluster in cervical cancer.
Next, we intended to confirm how HMGA1 regulates the expression of miR-221/222. As reported by Di et al., miR-221 and miR-222 share the same promoter region, which spans~1.6 kb from the transcription start site of pre-miR-222 52 . Therefore, we constructed reporter plasmids by cloning two fragments located upstream of premiR-222 −1600 bp and −800 bp and the fragment located upstream of pre-miR-221 −748 bp into the pGL3 basic vector. The subsequent luciferase assay demonstrated that all reporter plasmids could express luciferase and that the −800 bp-pGL3b reporter plasmid had the strongest luciferase activity (Fig. 4c) . To further investigate whether HMGA1 could directly bind to the promoter of miR-221/ 222, we searched for HMGA1-binding sites in the −800-bp upstream of pre-miR-222 or −748-bp upstream of premiR-221 by using the ALEEGN-PROMO prediction server and discovered two regions densely populated with binding sites (Fig. 4d) . Following chromatin immunoprecipitation (ChIP), we found that HMGA1 could directly bind to these two regions in Caski and in Siha-HMGA1 cells (Fig. 4e, f) .
To explore whether HMGA1 has an effect on the miR-221/222 binding sites, the −800-bp-pGL3b or −748-bppGL3b reporter plasmids were respectively co-transfected with the HMGA1-expressing plasmid or empty plasmid into HEK293T cells, and the luciferase activity of −800-bp-pGL3b increased after co-transfection with the HMGA1-expressing plasmid compared with the empty plasmid. In contract, the luciferase activity decreased following co-transfection with the specific siRNA of HMGA1; however, the HMGA1-expressing plasmid had no effect on the luciferase activity of −748-bp-pGL3b plasmid ( Fig. 4g ). Since HMGA1 affects the promoter activity of the miR-221/222 cluster, we examined whether HMGA1 could influence the expression of miR-221 and miR-222. As shown in Figure. 4h, the expression levels of miR-221/222 changed in accordance with the changes in HMGA1. Collectively, these results showed that HMGA1 can directly regulate the transcription of the miR-221/222 cluster by binding to its promoter and that HMGA1 is also positively correlated with miR-221/222 expression in cervical cancer.
The miR-221/222-TIMP3-MMP2/MMP9 pathway mediates cell migration and invasion in cervical cancer
To investigate whether miR-221/222 could participate in HMGA1-mediated cervical cancer metastasis progression, we evaluated whether these miRNAs could affect the migration and invasion of cervical cancer cells in vitro. First, the effect of miR-221/222 mimics or inhibitors on endogenous miR-221/222 in cervical cancer cells was investigated ( Fig. S5) . Interestingly, miR-221/222 overexpression markedly promoted Siha cell migration and invasion (Fig. 5a, c) , while miR-221/222 suppression significantly attenuated the migration and invasion of MS751/Caski/ C33A cells (Figs. 5b, d and S6). Furthermore, after impeding Fig. 2 The effect of HMGA1 on cervical cancer cell proliferation, clone formation, migration and invasion. The effect of HMGA1 overexpression on the proliferation of Siha (a) and HMGA1 knockdown on the proliferation of MS751 cells (b), respectively, was analyzed by the CCK8 assay. The colony formation assay was used to measure the self-renewal of Siha cells infected with HMGA1-LV or NC-LV (c) and MS751 infected with shHMGA1-LV or shNC-LV (d). e, f Transwell migration and invasion assays of Siha cells treated with HMGA1-LV and MS751 treated with shHMGA1-LV. g, h Cell migration monitored by the wound healing assay was performed using Siha cells treated with HMGA1-LV and MS751 treated with shHMGA1-LV. The relative wound closure and migration and invasion cells were calculated using Image Pro-Plus software 6.0 (IPP 6.0). HMGA1-LV represents the HMGA1 expression lentivirus, NC-LV represents the negative control lentivirus shHMGA1-LV represents the specific HMGA1 shRNA lentivirus and shNC-LV represents the shRNA negative control. *p < 0.05, **p < 0.01, and ***p < 0.001 , and C33A at 48 h after transfection with 100 nmol siNC or 100 nmol specific siHMGA1 by flow cytometry. e The proportion statistics analysis of each cell cycle phase for a, b, c, and d. f The expression of cyclin D1 and cyclin E1 mRNA in Siha-HMGA1, MS751-siHMGA1, Caski-siHMGA1, C33A-siHMGA1, and their control cells by real-time PCR, the expression levels were normalized to GAPDH expression. g The proteins expression of cyclin D1 and cyclin E1 in Siha-HMGA1, MS751-siHMGA1, Caski-siHMGA1, C33A-siHMGA1, and their control cells by western blot analysis. siNC represents the siRNA negative control, and siHMGA1 represents the specific HMGA1 siRNA. *p < 0.05, **p < 0.01, and ***p < 0.001 miR-221/222 expression in Siha cells (Siha-HMGA1), the migration and invasion potentials were markedly disrupted (Fig. S7A, S7B ). While rescuing miR-221/222 expression in MS751 (MS751-shHMGA1), these cells exhibited more aggressive migration and invasion behavior (Fig. S7C, S7D ). These results indicated that miR-221/222 acted as a pivotal role in HMGA1-mediated migration and invasion.
Tissue inhibitor of metalloproteinases 3 (TIMP3) is a known common target of miR-221/222 in several cancers [53] [54] [55] . To determine whether TIMP3 was also regulated by miR-221/222 in cervical cancer, we used miRWalk2.0 and found that the 3′UTR region of TIMP3 was targeted by miR-221/222 (Fig. 5e) . Therefore, we constructed pmirGLO-TIMP3-3′UTR-WT and pmirGLO-TIMP3-3′UTR-Mut reporter plasmids. Reporter assays showed that miR-221/222 mimics could inhibit the luciferase activity of pmirGLO-TIMP3-WT but not that of pmirGLO-TIMP3-Mut in HEK293T and MS751 cells (Fig. 5f ). We also found that the overexpression of miR-221/222 reduced the protein expression of TIMP3, together with an increase in the levels of its substrates (MMP2 and MMP9), while the suppression of miR-221/222 increased the protein level of TIMP3 accompanied by a reduction in the levels of MMP2 and MMP9 (Fig. 5g) . However, whether miR-221/222 can directly target MMP2 or MMP9 in cervical cancer remains undetermined. We used miRWalk2.0 to predict the binding of miRNAs to the 3′UTR of MMP2 or MMP9. As shown in Supplementary Table 1, the 3′ UTR of MMP2 had one miR-221-3p binding site and four miR-222-3p binding sites. However, there were no binding sites of miR-221-3p and miR-222-3p on the 3′ UTR of MMP9. Therefore, we constructed pmirGLO-MMP2-3′UTR-WT and three pmirGLO-MMP2-3′UTR-Mut reporter plasmids (Fig. S8A) . However, reporter assays showed that neither miR-221 nor miR-222 mimics could inhibit the luciferase activity of pmirGLO-MMP2-WT compared with that of the three pmirGLO-MMP2-Mut reporter plasmids in HEK293T (Fig. S8B) . On the other hand, we also explored whether HMGA1 could directly affect the expression of MMP2 and MMP9 in cervical cancer. It was demonstrated that HMGA1 enhanced the mRNA and protein expression of MMP2/MMP9 (Fig. S9) . These findings indicate that miR-221/222 could facilitate the metastatic progression of cervical cancer through the TIMP3-MMP2/MMP9 pathway, and not the miR-221/222-MMP2/MMP9 pathway.
HMGA1 promotes tumor growth of cervical cancer cells in vivo
To confirm the effects of HMGA1 on tumor progression in vivo, Siha-HMGA1 and MS751-shHMGA1 cells as well as their control cells were injected subcutaneously into the posterior hips of nude mice, which were killed after 30 days. Next, the sizes of the tumors were compared. As shown in Fig. 6a , the average tumor size was larger in the Siha-HMGA1 groups than in the Siha-CMV groups, and the individual growth velocity of Siha-HMGA1 cells was clearly accelerated compared to that of their control groups. Contrarily, the individual growth velocity of MS751-shHMGA1 cells was clearly slower compared to that of their control groups, and those tumors were distinguished by a smaller size (Fig. 6b) . These results suggest that HMGA1 facilitates cervical cancer tumor growth in vivo.
Additionally, we further detected cyclin D1 and cyclin E1 proteins expression levels in paraffin sections of tumor tissues from nude mice tumors using IHC analysis. Similar results were obtained for cyclin D1 and cyclin E1 expression in vivo compared with the in vitro experiments (Fig. 6c) , supporting the conclusion that HMGA1 might participate in the regulation of the cell cycle during tumorigenesis of cervical cancer. Moreover, MMP2 and MMP9 were dramatically increased in the group of mice carrying HMGA1 overexpression cells but significantly decreased in the group of mice injected with HMGA1 knockdown cells (Fig. 6c) , which is in accordance with the influence of miR-221/222 on them in vitro.
Discussion
Burgeoning literatures have indicated that the highmobility group AT-hook1 (HMGA1) protein acts as an (see figure on previous page) Fig. 4 The expression of miR-221/222 in cervical cancer and the effect of HMGA1 on their expression. a The correlation between HMGA1 and miR-221 or miR-222 was examined in five cervical cancer cell lines (Siha, Hela, Caski, MS751, and C33A). The 2 −ΔΔCT method was used to evaluate the expression levels of HMGA1, miR-221, and miR-222. b The correlation between HMGA1 and miR-221 or miR-222 was measured in 35 cases of cervical cancer tissue samples. The 2 −ΔCT method was used to evaluate the expression level of HMGA1, miR-221, and miR-222. c The top is the genomic fragments located upstream of pre-miR-222 and pre-miR-221 that were cloned into the pGL3 basic plasmid. The schematic diagram represents the constructed three reporter plasmids: −1600bp-pGL3, −800-bp-pGL3b, and −748-bp-pGL3b; the bar chart shows luciferase activity of these reporter plasmids using 293T cells. Renilla luciferase expression plasmid was used to normalize the transfection efficiencies. All luciferase experiments were performed three times in duplicate. d The schematic diagram represents two predicted HMGA1-binding sites~1700 bp upstream of pre-miR-221. Chromatin immunoprecipitation (ChIP)-analyzed regions are indicated by two bold black arrowheads. e ChIP assays were carried out in Caski and siha-HMGA1 cervical cancer cell. Real-time PCR was performed with specific primers for predicted two binding sites. f HMGA1 immunoprecipitation was carried out by anti-HMGA1 antibody which was used in ChIP assays. The top image is the IP-WB pictures for HMGA1. The real-time PCR products of ChIP assays were analyzed on 2% agarose gels (the below pictures). The input consisted of a 10% portion of the ChIP input. All experiments were performed in triplicate with similar results. g The −800-bp-pGL3b and −748-bp-pGL3b reporter plasmids were, respectively, co-transfected with HMGA1 plasmid or HMGA1-specific siRNA into HEK293T cells. Luciferase activity was measured after 48 h. h Real-time PCR was performed to analyze the expression of miR-221 or miR-222 in Siha-HMGA1, Caski-shHMGA1, MS751-shHMGA1, and C33A-shHMGA1 cells as well as their control cells. All luciferase experiments were performed three times in duplicate. ChrX denotes chromosome X, ns indicates no significance. *p < 0.05, **p < 0.01, and ***p < 0.001 oncogene in the tumorigenesis and progression of various cancers 4, 43 . Our study revealed an original involvement of an HMGA1-mediated mechanism in cervical cancer progression (tumor growth and metastasis). We found that HMGA1 expression was associated with both advanced clinical stage and lymph node metastasis in cervical cancer. Utilizing loss-or gain-of-function experiments, we found that HMGA1 could promote cell proliferation and clone formation through accelerating the transformation from the G1 phase to the S phase. On The relative wound closure and migration and invasion of cells were calculated using Image Pro-Plus software 6.0 (IPP 6.0). e Schematic diagram represents the predicted binding site of miR-221 or miR-222 in the 3′UTR of TIMP3 as well as the mutational 3′UTR of TIMP3. f Relative luciferase activity was measured in HEK293T and MS751 cells at 48 h co-transfection of miR-221 or miR-222 mimics with pmirGLO-TIMP3-Wild or pmirGLO-timp3-Mut plasmid. g Western blotting assay analyzes the protein expression of TIMP3, MMP2, and MMP9 in Siha, MS751, Caski, and C33A cells after changing the endogenous expression of miR-221 or miR-222. *p < 0.05, **p < 0.01, and ***p < 0.001 the other hand, our evidence showed that HMGA1 promoted cell migration and invasion in cervical cancer. To understand the detailed mechanism, we showed that HMGA1 could enhance the expression of miR-221/222 via directly targeting their common promoter, which indicated that miR-221/222 might be novel molecular targets for HMGA1-mediated metastasis (migration and invasion) in cervical cancer progression (Fig. 7) .
Several proteins, including cyclins, CDKs, CDK inhibitors, and pocket proteins, regulate the G1 phase 6 Siha-HMGA1 cells and 2 × 10 6 MS751-shHMGA1 cells were injected subcutaneously into the posterior hip of nude mice. The mice were continuously observed for 30 days. a Images of the tumors generated by Siha-HMGA1 cells (n = 5) and MS751-shHMGA1 cells (n = 6). b Tumor volume was monitored over time using caliper measurements, the tumor volume was calculated as follows: Volume = (length × width 2 )/2. c Representative immunohistochemical images showing the protein expression level of HMGA1, cyclin D1, cyclin E1, MMP2, and MMP9 in the tumors from nude mice injected with Siha-CMV cells or Siha-HMGA1 cells, as well as MS751-shcon cells or MS751-shHMGA1 cells (×400). The right bars show the mean density scores of the above proteins immunohistochemistry staining by using Image Pro-Plus (IPP). *p < 0.05, **p < 0.01, and ***p < 0.001 progression of the cell cycle 56 . Deregulation of the G1/S phase transition is a progressive process in cervical carcinogenesis [57] [58] [59] . Here, we found that HMGA1 could regulate the process of the G1-S phase transition and further influence cell proliferation, which agrees with the discovery reported by Kole et al. in pancreatic cancer 7 . Previous studies confirmed that HMGA1 can activate the expression of cyclin D1 and cyclin E1 in an indirect or a direct way 7, 10 . In agreement with these findings, our data revealed that HMGA1 could not only regulate the expression of cyclin D1 and cyclin E1 in vitro, but also affect their expression to accelerate tumor growth in vivo. Given that cyclin D and cyclin E are key G1 phase progression factors [60] [61] [62] , HMGA1 may play a pivotal role in the G1-S transition in cervical cancer cells. However, the Monica group found that HMGA1b caused cells to undergo apoptosis by making cells enter the S phase earlier while delaying the G2-M transition in normal rat thyroid cells 6 . Thus, HMGA1 might play different roles in regulating cell cycle progression in normal cells and cancer cells. As mentioned by Mellone et al., HMGA1 established a positive auto-regulatory loop with HPV E6/ E7 63 , acting cooperatively in the G1-S phase transition in HPV-induced cancers. These findings raise the question of whether the regulatory loop also participates in the cell cycle progression in cervical carcinogenesis, which requires extensive analysis in future studies. However, our study provides direct evidence supporting the functional roles of HMGA1 in controlling cervical cancer growth and proliferation and also facilitates the understanding of the potential mechanism underlying the association of high HMGA1 expression with proliferation in various cancers.
A microRNA cluster is governed by a single promoter/ transcription region and tends to behave coordinately, either by co-targeting individual genes or by targeting relevant components of the same network 64, 65 . MiR-221 and miR-222 (miR-221/222) are highly homologous miRNAs that are significantly overexpressed in many human malignancies, including breast cancer, pancreatic cancer, colorectal cancer, and cervical cancer 48, 66 . Our findings first showed that miR-221/222 were positively correlated with the expression of HMGA1 in cervical cancer samples and cell lines, which indicated that HMGA1 might regulate their expression. It was reported that HMGA1 could bind to the promoter of miR-222 in lung cancer 41, 51 , but the association of scaffold/matrixattachment regions (MARs) with MAR proteins (e.g., HMGA1) was cell type-specific binding in the transcriptional regulation of miRNAs 67 . Therefore, we used ChIP assays and promoter report assays to explore the effect of HMGA1 on the promoter of miR-221/222. We found that the −800-bp-pGL3b reporter plasmid had the strongest luciferase activity, which was consistent with previous , and that HMGA1 could clearly enhance its luciferase activity. Interestingly, we also discovered that the −748-pGL3b reporter plasmid, containing the ChIP2 fragment, also had a weak promoter activity, but HMGA1 had no effect on this reporter plasmid. As HMGA1 proteins lack intrinsic transcriptional activity, they alter the chromatin structure, orchestrate the assembly of additional transcription factors on DNA and form a higherorder transcriptional complex or "enhanceosome," which initiates the transcription of downstream genes 68, 69 . Consequently, although HMGA1 could directly bind to the −748 bp region from the pre-miR-221, it might fail to recruit effective transcriptional factors to this area due to the absence of a classic TATA box.
Numerous studies have reported the clinical significance of HMGA1 in a number of tumors 46 . Abe et al. illustrated that HMGA1 protein levels were significantly higher in cancerous tissues than non-cancerous tissues and that strong HMGA1 expression was positively correlated with lymph node metastasis and advanced clinical stage in colorectal cancer 70, 71 . Other reports indicated that the HMGA1 level progressively increases from cervical intraepithelial lesions to cervical invasive carcinoma 37 . These reports are consistent with our findings that HMGA1 was highly expressed in cervical cancer compared with non-cancer tissues and that the enhanced expression of HMGA1 was positively correlated with advanced FIGO stage and lymphatic metastasis. It was reported that HMGA1 was a metastasis-associated oncogene 72 , and our results also showed that HMGA1 contributed to the acquisition of cell migration and invasion capacities in vitro. Consistent with previous studies 73 , miR-221/222 could promote cervical cancer cell migration and invasion. However, inhibition of miR-221 and miR-222 could depress the HMGA1-induced migration and invasion ability in Siha-HMGA1 cells. In contrast, restoration of miR-221 and miR-222 could reinstate those biological functions of MS751-shHMGA1 cells. Therefore, miR-221/222 are targets regulated by the transcription factor HMGA1 and play pivotal roles in HMGA1-mediated cervical cancer metastasis.
Most miRNAs are believed to function by inhibiting the translation of their mRNA targets 40 . MiR-221/222 share a handful of common target mRNAs, such as TIMP3 47 . Our results revealed that miR-221/222 could alter the protein expression of TIMP3 in cervical cancer cells, which change was followed by the alteration of the levels of the MMP2/MMP9 proteins. Even through a recent study showed miR-221 could suppress the expression of MMP2 74 , our reporter assay showed that neither miR-221-3p nor miR-222-3p had an effect on the 3′UTR of MMP2. Otherwise, recent studies indicated that HMGA1 could promote the migration and invasion in lung cancer and uterine carcinomas by directly targeted MMP2 as well as in pancreatic adenocarcinoma and gliomas through regulating MMP9 17, [75] [76] [77] . Similarly, our results revealed that HMGA1 regulated the expression of MMP2 and MMP9. Therefore, the proteins level alteration of MMP2 and MMP9 was not due to the effect of miR-221/222 on their 3′UTR, but due to the roles of other factors, such as HMGA1 and TIMP3.
In summary, our study provided evidence linking HMGA1 to cell proliferation, cell cycle progression, and metastatic progression in cervical cancer and elucidated the underlying mechanism. Although a large amount of work is still needed to fully clarify the role of HMGA1 in cervical carcinoma, our findings highlight the function of HMGA1 as a pivotal regulator of tumor growth and metastasis (migration and invasion) and propose a novel viewpoint that HMGA1 expedites metastasis through the HMGA1-miR-221/222-TIMP3-MMP2/MMP9 pathway in cervical cancer rather than through the HMGA1-miR-221/222-MMP2/MMP9 pathway (Fig. 7) . Accordingly, we hope that the findings of our study merit further investigation of targeting HMGA1-related pathways for the clinical treatment of cervical carcinoma.
Materials and methods
Samples
Tissues from 127 cervical cancer cases, including 58 matched cervical carcinoma tissues and para-cancerous normal tissues, were collected from patients diagnosed with cervical cancer who underwent initial surgery at Tongji Hospital between 2010 and 2015. Ten normal cervical tissues were obtained from patients undergoing complete hysterectomy because of uterine leiomyoma at Tongji Hospital. This research was ratified by the Human Research Ethics Committee of Tongji Hospital. We were permitted to obtain these tissues by the patients. Our study was ratified by the Human Research Ethics Committee of Tongji Hospital.
Cell culture and transfection
The human cervical cancer cell lines Siha, Hela, C33a, Caski, and MS751 were obtained from the American Type Culture Collection (ATCC) as well as the non-tumor cell lines HEK293T. All these cells were cultured according to their directions.
MicroRNA mimics, inhibitor, and small interfering RNA (siRNA) duplexes were provided by RIBOBIO (Guangdong, China). Their negative control RNA duplex (NC) were nonhomologous to any human genome sequences. The HMGA1 siRNA-targeted sequence used in this study was 5′-AGCGAAGTGCCAACACCTA-3′. All transfections both small RNAs and plasmids were performed with Lipofectamine 
Analysis of Oncomine data and transcriptional elements
To analyze the expression level of HMGA1 in cervical cancer, two data sets including Zhai Cervix and Scotto Cervix in the Oncomine database were selected. The expression of HMGA1 was compared between cervical squamous cancer tissues and normal cervical squamous epithelium according to the standard procedures as previously described 78 . To identify HMGA1-binding sites (HBSs), the~1700 bp genomic sequence upstream from the Pre-miR-221 region was used as input for the online software ALGGEN-PROMO 79, 80 .
Immunohistochemistry
For immunohistochemical analysis, 92 cervical carcinoma samples and 58 paired adjacent non-cancer tissues were formalin-fixed and paraffin-embedded. The 4 μm plate sections were baked at 65°C for 2 h, deparaffinized in xylene, rehydrated through a graded series of ethanol (100, 95, 85, and 75%), and washed with PBS. The sections were microwaved in citrate buffer (pH 6.0) for 15 min for antigen retrieval. Next, the immunohistochemistry Kit of ZYMED (America) was applied according to the manufacturer's specification. The antibodies used in this study were as follows: HMGA1 (1:200, Abcam, ab4078), cyclin D1 (1:100, Proteintech, 60186-1-Ig), cyclin E1 (1:100, Proteintech, 11554-1-AP), MMP2 (1:100, ABclonal, A6247), MMP9 (1:100, ABclonal, A2095), TIMP3 (1:200, Abcam, ab39184). Five ×400 pictures were captured for each section using a BX53F microscope (Olympus). The expression levels of proteins were evaluated based on the mean optical density using Image Pro-Plus software 6.0 (IPP 6.0) and a digitalized IHC scoring program (Media Cybernetics, San Diego, CA).
Western blotting
Eight paired tissues and cultured cells were subjected to various treatments; lysed for 40 min in RIPA buffer containing protease inhibitor cocktail (Roche) and boiled for 5 min. Total proteins were separated on SDS-PAGE gels, transferred to PVDF membranes, and incubated with primary antibodies at 4°C overnight. The antibodies used in this study were shown as follows: HMGA1 (1:1000, Abcam, ab4078), cyclin D1 (1:500, Proteintech, 60186-1-Ig), cyclin E1 (1:500, Proteintech, 11554-1-AP), MMP2 (1:500, ABclonal, A6247), MMP9 (1:500, ABclonal, A2095), TIMP3 (1:1000, Abcam, ab39184), and GAPDH (1:1000, Abcam, ab8245). The membranes were washed three times in TBST for 5 min each, incubated with HRP-conjugated secondary antibodies at 37°C for 1 h and then washed with TBST. The proteins were visualized using ECL reagents (Thermo Pierce, No. NCI4106).
RNA isolation and real-time PCR
Thirty-five cases of cervical cancer, 10 cases normal cervical tissues, and 16 paired samples were collected during surgery and promptly stored in liquid nitrogen. Total RNA was extracted using RNAiso plus (Takara) according to the manufacturer's protocol under RNase-free conditions and complementary DNAs were synthesized using Reverse Transcriptase M-MLV (Takara). Real-time PCR was performed using the BIORAD CFX96 Touch Real-time PCR System with iTaq™ universal SYBR ® Green (Bio-Rad, USA) according to the manufacturer's instructions. The primers used in this study are listed in Supplementary Methods. For microRNAs, total RNA was reverse transcribed using the miR-221 and miR-222 qRT-PCR kit (RIBOBIO, Guangdong, China) according to the manufacturer's instructions. The 2 −ΔCT method was used to evaluate the expression of miR-221/222 and HMGA1 in 35 independent samples and 10 cases normal cervical tissues using U6 as a reference. Others were assessed by using the 2 −ΔΔCT method.
Primer sequences
The primer sequences used in the ChIP-qPCR assay to detect the regions within −1700 bp from pre-miR-221 were as follows: CHIP1, sense 5′-AAAATGCTCCAAGCCACAAT-3′, antisense 5′-CTGGAGATCCAGCAGCAAAC-3′; CHIP2, sense 5′-TTCATCTCTTGACTTTTAGATGGC-3′, antisense 5′-TCAA-CACAACTGCCTACTGC-3′.
The primer sequences for real-time RT-PCR were as follows: GAPDH, sense 5′-TGCACCACCAACTGCT-TAGC-3′, antisense 5′-GGCATGGACTGTGGTCATGA G-3′; HMGA1, sense 5′-GCTGGTAGGGAGTCAGAAG GA-3′, antisense 5′-TGGTGGTTTTCCGGGTCTTG-3′; Cyclin D1, sense 5′-GCTGCGAAGTGGAAACCATC -3′, antisense 5′-CCTCCTTCTGCACACATTTGAA-3′; Cyclin E1, sense 5′-AAGGAGCGGGACACCATGA-3′, antisense 5′-ACGGTCACGTTTGCCTTCC-3′.
Plasmids and lentivirus vector preparation
For knockdown of endogenous HMGA1, we used one siRNA sequence 5′-AGCGAAGTGCCAACACCTAAG-3′ for HMGA1 333333 and cloned it into the GV298-U6-MCS-Ubiquitin-Cherry-IRES-puro lentivirus shRNA vector (named shHMGA1-LV). To overexpress HMGA1, the specific sequence of HMGA1 was constructed into the pcDNA 3.1 vector (named HMGA1) and Plent-GFPPuro-CMV lentivirus expression vector (named HMGA1-LV). Their matching empty vector and empty lentivirus were used as the negative control (named NC). To obtain cell lines with stable overexpression or knockdown of HMGA1, we used the lentivirus supernatant to infect the given cell lines. The infected cells were screened out for 2 weeks with 2 μg/ml puromycin (Invitrogen). The efficiency of overexpression and knockdown were measured by real-time PCR and western blot analysis, separately.
The synthesized promoter regions of miR-221/222 were constructed into the vector of PGL3 basic and respectively named as follows: −748-bp-pGL3b, −800-bp-pGL3b and −1600-pGL3b, and the PGL3 basic vector was used as a negative control (named NC). The synthesized 423 bp of the TIMP3 3′UTR region, containing the targeting sequence of miR-221/222, 5′-AATTTAAAATCATT-TATGTAGCT-3′, as well as its mutant sequence was cloned into the pmirGLO vector (respectively named WT and Mut). Wild-type and mutagenic binding sequence of the target gene TIMP3 are listed in Figure. 6e.
The synthesized 626 bp of the MMP2 3′UTR region, containing the targeting sequence of miR-221/222, as well as its mutant sequence was cloned into the pmirGLO vector (respectively named WT and Mut). Wild-type and mutagenic binding sequence of the target gene MMP2 are listed in Figure. S8A.
Wound healing assay
Briefly, the treated cells were seeded in six-well culture dishes and cultured at 37°C to form a confluent monolayer. After treatment with 20 μg/ml mitomycin for 20 min, a wound was made by scratching the monolayer with a 10 µl pipette tip. The wounded monolayer was then washed five times with PBS to remove cell debris and incubated with fresh normal medium. After scratching, the area of the cell-free scratch was photographed at 0, 24, or 48 h. The wound healing effect was assayed by measuring the percentage of the healing area compared with the area of the initial wound using Image Pro-Plus software 6.0 (IPP 6.0).
Transwell migration and invasion assays
Migration assays were performed using transwell chambers (Coring) without Matrigel, and invasion assays were carried out with transwell insert chambers coated with Matrigel (BD Biosciences). Basically, 2 × 10 4 treated cells were suspended in 200 μl serum-free medium and then seeded into the upper Biocoat. The lower Biocoat was supplemented with 700 μl 10% FBS medium to create a chemokine-induced environment. After 24 or 48 h, the cells on the upper Biocoat were removed, and the cells on the lower Biocoat were fixed with 4% paraformaldehyde and stained with crystal violet 0.5%. Five random visual fields were photographed for statistical analysis and the migrating cells were counted using Image Pro-Plus software 6.0 (IPP 6.0).
Cell counting kit (CCK8) and clone formation assay
Treated cells were seeded into 96-well plates at a density of 5000 cells per well in quintuplicate. The viable cells were assessed daily for 3 days using the CCK8 assay (Dojindo Molecular Technologies) according to the manufacturer′s protocol. The absorbance was measured to assure an equal number of cells for each group after 12 h. The impact of HMGA1 on cell proliferation was also evaluated using the clone formation assay. Cells were inoculated into six-well plates in triplicate at a density of 600 cells per well. Subsequently, the cells were cultured with complete medium changed every 2 days. After 14 days, the cells were fixed with 4% paraformaldehyde and stained with crystal violet 0.5%. The colony formation numbers were evaluated by using Image Pro-Plus software 6.0 (IPP 6.0).
Cell cycle analysis
Cells treated were collected, fixed in 70% ice-cold ethanol for 24 h at 4°C, washed three times with pre-cold PBS and incubated with RNase A (0.2 mg/ml, Taraka) diluted in pre-chilled PBS. Then, PI (Propidium Iodide, 50 mg/ml) was added. The cell cycle was assessed by flow cytometry following the manufacturer's instructions (BD, UA). The data were analyzed by FlowJo 7.6 and the cell cycle distribution was calculated.
Luciferase reporter assay
For the promoter luciferase reporter assay, HEK293T cells were inoculated in 24-wells plate. When 70% cell fusion was reached, the cells were transfected with 450 ng of the constructed report plasmids, 500 ng of RED-N1 vector or RED-N1-HMGA1 vector, or 100 μmol siHMGA1 or 100 μmol siNC, and 50 ng of pRL-CMV Renilla luciferase expression vector (Promega), which was used to normalize for the transfection efficiencies (Invitrogen). After 48 h, the luciferase activity was measured using the dual-luciferase reporter assay system (Promega) according to the manufacture's instruction.
For the microRNA luciferase reporter assay, HEK-293 and MS751 cells were inoculated in 24-wells plate. When the 70% cell fusion was reached, 500 ng 3′UTR report plasmids were co-transfected with 100 nmol miR-221-3p mimics or miR-222-3p mimics by lipo3000 (Invitrogen). After 48 h, the luciferase activity was measured using the dual-luciferase reporter assay system (Promega) according to the manufacturer's instructions.
HMGA1 immunoprecipitation
The HMGA1 immunoprecipitation (IP) assay was carried out using the Pierce™ Co-Immunoprecipitation Kit (Thermo Scientific, USA) according to the manufacturer's protocol. Tersely, 10 μg anti-HMGA1 antibody (Abcam, ab4078) was first incubated with AminoLink Plus Coupling Resin. Then, pre-clear protein lysates were added and were incubated overnight. HMGA1 complexes were then washed and subjected to western blotting assay.
Chromatin immunoprecipitation
The chromatin immunoprecipitation (ChIP) assay was carried out using the EZ ChIP™ Chromatin Immunoprecipitation Kit (Millipore, USA) according to the manufacturer's protocol. Concisely, caski cells and siha-HMGA1 cells were cultured in a T75 cell culture bottle at 90% confluency, and then the cells were collected and crosslinked with fresh 1% formaldehyde (Sigma) at 37°C for 10 min, followed by quenching untreated formaldehyde with 125 mmol/l glycine for 5 min. Cells were washed in ice-cold PBS and lysed in ChIP lysis buffer containing protease inhibitor cocktail (Roche). Sonication was performed to obtain 200-1000 bp DNA fragments at 10-s pulse/2 min interval cycle for 10 cycles at 40% intensity. The DNA fragments were diluted and precleared with protein A-agarose/G-agarose. Then, 10% of the precleared DNA fragments were saved as input controls in subsequent real-time PCR experiments. The other supernatant was divided into two parts and individually incubated with 5 μg antibody and protein A/G beads overnight at 4°C, the antibodies used in this experiment were as follows: HMGA1 (Abcam, ab4078) and rabbit IgG (Beyotime, A7016). The beads were collected and washed five times for 1 min with 1 ml each of the following buffers: low salt wash buffer, high salt wash buffer, LiCl wash buffer, and TE buffer. The immunocomplexes were eluted twice by adding 125 μl elution buffer (0.1 M NaHCO 3 , 1% SDS) and reversed cross-linking at 65°C overnight. The DNA was further purified using a PCR purification kit (Thermo Scientific, USA) according to the manufacturer's instructions. The purified DNAs were analyzed by real-time PCR, and the primers used are listed in Supplementary Methods. We adopted the percent input method to analyze the results.
in vivo animal experiments
Female nude mice (6 weeks old) were purchased from Beijing HFK Bio-Technology Co. Ltd. (Beijing, China). The studies were allowed by the Committee on Ethics of Animal Experiments of Tongji Medical College. For the subcutaneous tumor formation assay, 5 × 10 6 Siha cells, which were infected with control-LV or HMGA1-LV, or 2 × 10 6 MS751 cells, which were infected with shcontrol-LV or shHMGA1-LV, were resuspended in 100 μl of sterile PBS for each nude mice, and each group contained six mice. We then measured the sizes of subcutaneous tumors every 5 days and observed continuously for 30 days. During this time, one mice each died in the Siha-CMV group and Siha-HMGA1 group. The tumor volume was calculated as follows: Volume = (length × width 2 )/2. All the nude mice were killed, and the tumors were excised at the end of the observation period.
Statistical analysis
All experiments were performed at least three times. Differences between groups were determined by the ttest. The χ 2 test was used to analyze correlations between HMGA1 and miR-221/222 expression in cervical cancer cells and cervical cancer tissues and to analyze the relationship between HMGA1 levels and clinicopathological characteristics. The χ 2 test was also used to analyze differences in HMGA1 expression in carcinoma and matched non-cancer tissues. The SPSS 18.0 software program was used for statistical analysis and data comparisons. The error bars indicate the standard error of the mean (SEM). P < 0.05 was considered statistically significant.
